Birgus latro excretes nitrogenous waste as a mixture of urate and guanine and not predominantly urate as believed previously. The presence of guanine in faeces was confirmed by enzymatic derivatisation of guanine to xanthine with guanase. This is the first report of significant excretion of guanine outside the Chelicerata. The ratios of urate to guanine within the excreta of animals in field situations (natural diets) and in the laboratory (a range of artificial diets) were ;3:2. Rates of excretion of both urate and guanine increased when experimental crabs were fed an artificial diet high in nitrogen. Significant amounts of guanine were also measured in tissues of B. latro, but only urate was present in equivalent tissues of the closely related species Coenobita brevimanus. Coenobita brevimanus did not excrete any significant amount of purines with the faeces.
Terrestrial arthropods generally excrete their nitrogenous wastes as purines, which offer a number of advantages in terrestrial situations. Notably, purines are sparingly soluble (and so can be excreted with minimal associated water loss), are nontoxic, and are not damaging to tissues provided they can be formed into rounded crystals. There is, however, a metabolic cost involved in their synthesis (1-3 ATP per molecule of urate to 6-8 ATP per molecule of guanine), and carbon is lost with the excreted nitrogen (C:N ratio for guanine is 1:1; C:N ratio for urate, hypoxanthine, and xanthine is 1.25:1) (Stryer, 1988; Campbell, 1995; Linton and Greenaway, 1998) .
The majority of arachnids excrete guanine (reviewed Bursell, 1967; Little, 1983; Cochran, 1985) . However, there is some flexibility in pattern, and certain arachnids also excrete uric acid (up 29 percent of excreted nitrogen) (Rao and Gopalakrishnareddy, 1962) or xanthine (Paruroctonus mesaensis) (Yokota and Shoemaker, 1981) . Most insects excrete uric acid, but some oxidise this and excrete allantoin or allantoic acid (Bursell, 1967; Cochran, 1985) . Alone amongst the terrestrial crustaceans, Birgus latro (Linnaeus) utilises a purine (uric acid) for nitrogenous excretion (Greenaway and Morris, 1989) . These purines are synthesised in R cells of the midgut gland and excreted into the lumen of the midgut gland tubules by exocytosis (Dillaman et al., 1999) . From there, the purine crystals are passed into the midgut and hindgut before being expelled via the anus as a white purine pellet separate to the brown faecal pellet (Greenaway and Morris, 1989) . From recent evidence, however, it appears that B. latro also excretes other purines (Wilde et al., 2004) , and a re-examination of purine excretion by B. latro is needed.
Most terrestrial crustaceans store solid purine in their tissues (reviewed in O'Donnell and Wright, 1995) . In the brachyuran Gecarcoidea natalis (Pocock 1888), these purine deposits are located intracellularly in spongy connective tissue cells (Linton and Greenaway, 1997a) . Although urate is the predominant purine in these deposits, others may be present. The purine stores in G. natalis contain mainly urate (85 percent of total purine), and the remainder includes hypoxanthine, xanthine, and guanine (Linton and Greenaway, 1997a) . The composition of the purine deposits of terrestrial anomurans, such as B. latro and Coenobita spp., are unknown, but as multiple purines are present in the tissues of G. natalis and the excreta of B. latro, other purines may also be present in the purine deposits of B. latro and Coenobita brevimanus.
The objectives of this study were to confirm the presence of guanine in the excreta of B. latro in field and laboratory situations, to quantify the rates of excretion of purines by crabs on different intakes, of nitrogen and to determine if both urate and guanine are excreted by animals in the field. In addition, the levels of purines were also measured in the midgut gland and spongy connective tissue of B. latro and in a closely related coenobitid species, Coenobita brevimanus, that does not excrete purines. The intention was to elucidate the purine composition of the deposits, whether an active guanine metabolism was an ancestral characteristic of the Coenobitidae, and whether purine metabolism of the midgut gland of B. latro has been elevated to facilitate purine excretion.
MATERIALS AND METHODS

Collection and Maintenance of Animals
Birgus latro and Coenobita brevimanus were collected from rainforest on Christmas Island, Indian Ocean, and air freighted to Sydney. In the laboratory, specimens of both species were maintained individually in plastic boxes (64 3 26 3 40 cm) in a constant temperature room controlled at 258C and 80% humidity with a 12h light : 12 dark cycle. Crabs were fed a mixture of dog biscuits, sunflower seeds, shredded coconut, dates, and fresh fruit and given tap water for drinking.
Feeding Experiments
Rates of purine excretion were determined for B. latro fed three artificial diets (designated ''carbohydrate,'' ''fat,'' and ''red'crab'') that had nitrogen concentrations of 982 6 3, 1273 6 8, and 5438 6 26 lmol N g À1 dry weight respectively. The composition of the diets reflected the nutrient composition of natural dietary items rich in carbohydrate, lipid, or animal material and were prepared as described by Wilde et al. (2004) .
Crabs were fed each artificial diet sequentially using a randomised block design to avoid systematic effects of one treatment on the next. They were acclimated to each diet for one week, and the experimental period was a further 11 days. During the experimental period, fresh food was given and uneaten food and faeces were collected daily. Faeces were dried at 608C, weighed, milled with a ''Pulverisette 14'' rotor speed mill, and analysed for purines.
Rates of purine excretion were determined for C. brevimanus fed an artificial diet rich in nitrogen for one week. This diet consisted of 13 g agar, 29 g coconut, 29 g soy bean flour, and 29 g cornflour per 100 g dry weight and had an approximate nitrogen content of 1350 lmol N g À1 dry weight. Animals were acclimated to the high nitrogenous diet for one week, and the faeces were collected in the subsequent week. Each day, fresh food was given and uneaten food and faeces were collected. Faeces were frozen until they were analysed for purines.
Rates of purine excretion were calculated using the following equation:
Purine excretion ðl mol purine kg À1 wet weight animal day À1 Þ
where [P] is the purine concentration of the faeces (lmol purine g À1 faeces), M f is the total mass of faeces produced during the experiment (g), M a is the wet weight of the animal (kg), and t is total time of the experiment (days).
Collection of Faeces in the Field
Birgus latro collected from rainforest on Christmas Island, Indian Ocean, were kept in individual containers overnight at the Christmas Island Research Station. Faecal material produced during this period was collected, dried at 608C, and shipped back to the Sydney for analysis.
Purine Content of Tissues
Birgus latro and C. brevimanus were killed by chilling, and samples of midgut gland, muscle from the first periopod, and spongy connective tissue (from the branchiostegite of B. latro and the chelae tips of C. brevimanus) were dissected out of the carcasses. Both the branchiostegal soft tissues and the tips of the chelae are composed solely of spongy connective tissue (Farrelly and Greenaway, 1993; Linton and Greenaway, 1997a) . This tissue has a similar structure and function at both sites (Farrelly and Greenaway, 1993; Linton and Greenaway, 1997a) . The tissues were homogenised in 68 mmol L À1 LiCO 3 , and purines were extracted as described below.
Analyses
Extraction of Purine from Faeces and Tissues.-Purines were extracted from three replicate samples of powdered faeces (20-30 mg each) or duplicate tissue samples of either muscle and midgut (1 g) or spongy connective tissue (0.5 g) as described previously (Linton and Greenaway, 1997a) . Protein in the extracted, diluted, and neutralised tissue samples was removed by heat precipitation (908C for 3 min) and centrifugation at 10,000 g for 10 min. Protein in faecal extracts was removed by ultrafiltration (Linton and Greenaway, 1997a) . Deproteinised samples were diluted by a factor of either 10 or 1000 times with HPLC buffer (50 mmol L
À1
Na acetate buffer with 2% methanol pH ¼ 4) before HPLC analysis. Faeces produced by C. brevimanus were firstly homogenised in 20 mL of MilliQ water. A 1-mL aliquot of the resultant suspension was taken and added to 4 mL of LiCO 3 (68 mmol L À1 ), and the purines were extracted as described previously (Linton and Greenaway, 1997a) .
Confirmation of Guanine in the Nitrogenous Excreta.-The presence of guanine in faecal samples was confirmed by derivatisation of guanine with guanase. Guanase (EC 3.5.4.3) converts guanine to xanthine, and this should result in replacement of the guanine peak of control samples by an equivalent xanthine peak in the enzyme-treated samples, when analysed by HPLC. In this extraction procedure, the samples were diluted with 100 mmol L À1 tris buffer pH ¼ 8 instead of sodium acetate buffer pH ¼ 4. For the guanase reaction, 100 lL of the diluted and neutralised sample, 895 lL of 100 mmol L À1 Tris pH ¼ 8 buffer and 5 lL (0.01 units) of guanase solution were incubated at 268C for 30 min. Control samples were not treated with guanase and contained 100 lL of the diluted and neutralised sample and 900 lL of 100 mmol L À1 Tris buffer pH ¼ 8. After the incubation, guanase was removed from the reaction mixture by ultrafiltration using a 30,000 nominal molecular weight cut-off limit Ultrafree MC with regenerated cellulose membrane (Millipore Corporation, Bedford, Massachusetts, U.S.A.) and 50 lL samples of the reaction mixture were diluted 34 with water before HPLC analysis.
HPLC Analysis.-Purine concentrations in the extracted faecal and tissue samples were determined by HPLC using a modified method of Linton and Greenaway (2000) . In this analysis, a Zorbax ODS column (250 3 4.6 mm, 5 lM (Agilent Technologies)) and a 50 mmol L À1 Na acetate pH ¼ 4 buffer with 2 percent methanol was used.
Statistical Analyses.-Values are expressed as mean 6 sem (n). The number of animals that were used in calculating the mean is represented by n. Means were compared statistically using either one-way ANOVA followed by a posteriori comparisons (LSD) or two tailed independent t-tests. Statistical probabilities were calculated using SPSS for Windows 6.0.
RESULTS
Purine Excretion
Birgus latro excreted significant amounts of urate and guanine on each of the artificial diets (Fig. 1) . Animals eating the red crab diet (which had the highest nitrogen levels) had rates of excretion of urate, guanine, and total purine significantly higher than those fed the fat and carbohydrate diets (Fig. 1) . The identity of the HPLC guanine peak was confirmed by treatment of the faecal purine extracts with guananse. In the subsequent HPLC chromatogram, a peak shift occurred in the guanase treated samples compared to the animal wet weight day À1 ) of urate, guanine, and total purine nitrogen by B. latro (mean 6 sem) maintained on three artificial diets. Similar means within a category (either urate, guanine, or total purine) are indicated by a solid line above the bar.
control nontreated samples; the guanine peak disappeared and a xanthine peak appeared (Fig. 2) .
As the rates of urate and guanine excretion were similar for B. latro maintained on carbohydrate and fat-rich diets, the data for these groups were pooled (Table 1) . Using the pooled data, urate comprised 61 percent, and guanine 39 percent, of the total purine excreted, and the urate : guanine ratio was 1.6:1 (Table 1 ). The percentages of urate and guanine in excreta collected from field animals were statistically similar to the percentages of urate and guanine excreted by animals in the pooled group (Table 1) . Animals fed the red crab diet excreted a greater percentage of urate and a lower percentage of guanine than values for crabs in the pooled group or animals in the field (Table 1 ). The rate of excretion of faecal purines by C. brevimanus for urate, guanine, xanthine, and total purine were, respectively, 0.00 6 0.00, 0.48 6 0.24, 0.48 6 0.24, and 0.96 6 0.48 lmol kg À1 animal wet weight day À1 . Clearly C. brevimanus did not excrete significant amounts of purines with the faeces.
Purine Content of the Tissues Birgus latro.-The tissues examined contained substantial amounts of both guanine and urate. The concentrations of urate in muscle and midgut gland were statistically similar, but in spongy connective tissue, the mean concentration was much higher (Table 2) . Guanine concentrations were similar in all three tissues (Table 2) . Of the total purines present, the proportions of urate and guanine in muscle tissue were similar to those in midgut tissue (;70% urate and 30% guanine), but in spongy connective tissue, the proportion of urate was higher (;89% and 11% guanine) ( Table 2 ). In faeces of animals fed the carbohydrate and fat diets, the proportion of urate was lower and guanine higher than in midgut gland tissue (Tables 1, 2 ).
Coenobita brevimanus.-Urate was the sole purine detectable in the tissues examined. Although the level of urate appeared to be higher in the muscle than in the midgut gland, it was not statistically different (Table 2 ). This may Table 1 . The relative proportions of urate and guanine in purine excreted by Birgus latro fed artificial diets with high (red crab) or low (carbohydrate and fat) nitrogen contents. Purine concentrations are expressed as lmol urate or guanine per lmol total purine excreted (mean 6 sem (n)). Data from animals maintained on the carbohydrate and fat diets were pooled. Within a column, similar superscript symbols indicate similar means (P , 0.05). have been due to the low sample number. Urate concentrations were statistically similar in midgut gland and in muscle ( Table 2 ). Spongy connective tissue from the tips of the chelae contained much higher levels of urate than measured in midgut and muscle tissue ( Table 2 ). The level of urate in midgut gland tissue was 12.7 times higher in B. latro than in C. brevimanus, whilst the muscle and connective tissue from both species were similar in their respective levels of urate (Table 2) .
DISCUSSION
Birgus latro clearly excretes two purines in the faeces, urate and guanine, at an approximate ratio of 3:2 (Table 1) rather than a single purine (urate) as reported previously (Greenaway and Morris, 1989) . The discrepancy between the two studies is methodological in origin; the enzymatic method used in the earlier study was specific for urate, whilst the HPLC methods used in the current study detected all the common purines urate, guanine, hypoxanthine, and xanthine. As guanine excretion was confirmed both for field animals and in animals maintained on artificial diets in the laboratory, it is apparent that guanine excretion is a characteristic of the population of at least the animals on Christmas Island and not an artefact of holding conditions or diet. Animals fed a high nitrogen diet (red crab diet) increased their rate of guanine (and urate) excretion, a response consistent with a functional role for guanine as a vehicle for excretory nitrogen (Fig. 1) . The ratio of urate : guanine was also elevated on this diet, perhaps because the diet contained substantial amounts of preformed urate from the tissues of G. natalis from which it was prepared (Wilde et al., 2004) . This urate may have passed through the gut of B. latro without being assimilated or altered.
There is direct evidence that the terrestrial brachyuran, G. natalis, synthesises urate de novo (Linton and Greenaway, 1997b) and strong circumstantial evidence for the synthesis of urate in the midgut gland of B. latro (Dillaman et al., 1999) and other crustaceans (Lallier and Walsh, 1991) . It is probable that the purine synthetic pathway is present in crustaceans generally (Linton and Greenaway, 1997b) . Given the levels of guanine present in the tissues and excreta of B. latro, de novo synthesis of this compound is also indicated, and, at least for excreted guanine, the midgut gland is again the most likely site of synthesis. Purine excretion by B. latro and not C. brevimanus suggests that this physiological trait has evolved in only B. latro and is not a plesiomorphic characteristic of terrestrial coenobitids. The adoption of a nitrogenous waste product similar to that used by other highly terrrestrial arthropods indicates that B. latro has progressed further in its adaptation to a terrestrial life than other coenobitids (Greenaway and Morris, 1989; Greenaway, 1991; O'Donnell and Wright, 1995) .
The biochemical pathways for the synthesis of urate and guanine share a common precursor, inosine monophosphate (IMP). Urate is synthesised from IMP via the hydrolysis of IMP and oxidation of the resultant hypoxanthine by xanthine oxidoreductase (Stryer, 1988) . The total cost of synthesis of urate de novo is 1-3 ATP (Campbell, 1995) . In synthesis of guanine, IMP is oxidised to xanthosine monophosphate (XMP) by IMP dehydrogenase, XMP is then adenylated by GMP synthetase to form GMP, and finally, GMP is hydrolysed to give guanine and ribose (Newsholme and Leech, 1989) . The total cost of de novo guanine synthesis is 6-8 ATP. Where urate and guanine are synthesised simultaneously, both pathways would compete for IMP, and the ratio of urate : guanine in the excreta possibly reflects the efficiency of this competition.
The presence of stores of purine in spongy connective tissue is a feature common to both brachyuran and the anomuran land crabs, B. latro and C. brevimanus (Greenaway, 1991; O'Donnell and Wright, 1995; Linton and Greenaway, 1997a, b) . The striking difference reported here is in the presence of large amounts of guanine in the tissues (and excreta) of B. latro. The Family Coenobitidae contains only two genera, Coenobita and the monotypic Birgus, and because guanine was absent from the tissues of C. brevimanus, one of the more terrestrial species of the genus, the ability of B. latro to synthesise guanine appears to be an apomorphic characteristic developed after the Birgus line diverged from the other coenobitids. If significant capacity to synthesise urate was already present in the Coenobitidae, then a single mutation that reduced product inhibition of the guanine synthesis pathway could explain the capacity of B. latro to synthesise large amounts of guanine.
The concentration of purine in spongy connective tissue was high in both coenobitids examined, and the lower levels found in muscle probably reflect the relatively small proportion of connective tissue present around muscle. In the midgut tissue of C. brevimanus, the low purine concentration may reflect the low purine metabolism of this tissue and a small amount of spongy connective tissue present between lobes of the midgut gland. The concentration of total purine in the midgut gland of B. latro was some Table 2 . Levels of urate and guanine in the tissues of Birgus latro and Coenobita brevimanus. Data (mean 6 sem (n)) are expressed per gram of fresh tissue. ND ¼ not detected. Differences between mean tissue concentrations of either urate or guanine (within a species) are indicated by different superscript letters within the column (P , 0.05). Within a column, similar superscript symbols indicate similar means between species for a given tissue (P , 0.05).
[ 17.6 times that of C. brevimanus, and most of this purine was probably in the midgut cells because this tissue is involved in synthesis and temporary accumulation of purine prior to its excretion (Dillaman et al., 1999) . The functions of purine stores in spongy connective tissue of terrestrial crabs have been considered before, and it has been suggested that the stores might represent a remobilisable N store or result from temporary storage excretion (Linton and Greenaway, 1997a, b) . Neither function has been confirmed in coenobitids, and both seem unlikely in B. latro, as the species is predatory (Greenaway, 2001 ) with a high protein intake and also excretes purine.
Uric acid and guanine differ to some extent in physicochemical properties and costs of synthesis, but whether these differences offer significant selective advantages of either purine for excretory or storage purposes is unknown. Uric acid is cheaper to synthesise than guanine, although this advantage is eroded somewhat as it contains less N per mole so that more molecules of uric acid must be synthesised, than of guanine, to excrete the same amount of nitrogen. Uric acid has a higher C:N ratio than guanine, but carbon is not generally a limiting nutrient in the diet of terrestrial arthropods and the advantage of guanine in carbon conservation is unlikely to be significant. The solubility of guanine is lower than that of uric acid so that guanine could be excreted with potentially less loss of water than with uric acid, although the difference is small. The in vitro crystal shapes of uric acid and guanine differ and could potentially affect their storage and excretion, but in practice the in vivo storage and excretion of both purines is generally in the form of rounded spherules formed on a proteinaceous matrix. Thus, whilst advantages and disadvantages are inherent in the choice of either purine, whether there is an overall functional advantage to the use of one or the other for excretory or storage purposes is unclear. Amongst terrestrial arthropods, the principal purine excreted is largely taxon specific; insects from a wide range of terrestrial environments utilise uric acid or ureides, whilst arachnids from the same habitats utilise guanine and most species predominantly excrete only one of these products (Little, 1983) . Early evolutionary choices of different purines seem to have occurred in these groups, and these have subsequently been fixed in a conserved part of their respective genomes. Whether this early selection of particular purines conferred significant evolutionary benefits or was an arbitrary adoption of the first suitable excretory compound, during the early stages of the colonisation of land by the two taxa, is unclear. The development of purine excretion in a third major taxon of terrestrial arthropods (the Crustacea) offers further insight into this matter. Birgus latro excretes significant quantities of both uric acid and guanine, but, as outlined above, the utilisation of uric acid seems to have developed first in the coenobitid line. The addition of guanine synthesis, for storage and excretory purposes by B. latro, must have offered some additional selective advantage over uric acid alone, but the nature of this is unclear at present.
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